Abstract -Coordination compounds are used in almost every branch of analytical chemistry. The factors which make them specially suitable for gravimetric and titrimetric analysis, for liquid-liquid extraction and various types of chromatography (e.g. in both mobile or stationary phases in gas chromatography) are illustrated by examples. Stereochemical features, reaction kinetics, conformational changes, and ligand field stabilisation are also shown to be relevant factors in specific cases. The achievement of a measure of controlled selectivity in the reactions of inorganic cations with organic ligands is discussed in relation to recent work on complexones, crown ethers, and cryptates, although the accidental discovery of an unusual coordination compound that owes its usefulness to an unexpected and unpredictable crystal structure is not overlooked.
The most widely read Journals specializing in the field of analytical chemistry carry nowadays a preponderance of articles on purely physical methods of analysis, on automatic analyses of all kinds, on the analysis of multi-component systems and on the relevant computational techniques and statistical treatments.
This trend towards physical and automated methods is appropriate for many routine analyses and often inevitable on purely economic grounds; but it must not be forgotten that despite the progress that has undoubtedly been made in elaborating entirely physical techniques for the determination of multicomponent systems, with automatic compensation and correction for interelement (matrix) effects by the use of individually programmed and dedicated computors, there is still a great deal of analysis conducted appropriately and unavoidably by chemical methods. Indeed, wet chemistry still forms the basis for all the automated procedures using equipment such as the Technicon Autoanalyser. In such procedures coordination compounds play a continuing role and it is doubtless for this reason that the organisers of this the XVIIIth International Conference on Coordination Chemistry have chosen a Plenary Lecture devoted to this general field.
The commonest task of the analyst is to determine quantitatively the amount of some particular species (the analyte) originally present with others in a matrix, and often present in small amount both relatively and absolutely. To achieve this it is usually necessary to carry out a certain amount of pre-concentration so that the amount of analyte available will be sufficient to carry out the appropriate quantitative determination at an acceptable level of precision. Interferences in this determination by all other components of the matrix must be reduced below certain limiting levels by separation procedures which may, to a greater or less extent, be incorporated or inherent in the pre-concentration stage.
Since our theme is to be the application of coordination compounds in analytical chemistry it will be convenient first to consider their classical use for the separation and determination of inorganic cations and anions by precipitation. Herewe look for a number of desirable characteristics, viz. low solubility in water; freedom from co-precipitation and occlusion; good filterability; stability towards the stages of washing and drying to constant weight; and a stoicheiometric, or at least strictly reproducible composition. To which one should add the ideal of specificity; the hope so temptingly proffered with the introduction of Tschugaeff's dimethylglyoxime as a reagent for nickel by Brunck in 1907 (Ref. 1) ; the goal so rarely approached.
Low solubility is a consequence of a high lattice energy associated with a low solvation energy. Although an increase in the thermodynamic stability (formation) constant along a series of metal chelates is often associated with increasing insolubility, this is far from being a determining factor. For example, although the copper complex of dimethylglyoxime is certainly more stable thermodynamically than the nickel complex (Ref. 2) , the latter is far more insoluble because of the special features of the packing of discrete molecules in the crystal lattice which provides strong axial Ni-Ni bonds through the lattice (Refs. 3 & 4) . Tobe sure, the effect of introducing heavy halogen atoms into a molecule is often to decrease the solubility by what Feigl (Ref. 5) termed the 'weighting effect'; but it may also increase the solubility by making crystal packing less energetically favourable, or by reducing intermolecular assoication caused by hydrogen bonding as illustrated by the Rf values of indigo and its 4,7-halogen substituted derivatives (Ref. 6).
Hydrophilicity due to the presence of coordinated water can usually be reduced by replacing it by donor molecules of a less hydrophilic character. This is illustrated by substances derived from aquated cations of copper(II), 2+ 2-2+ 2-cadmium and iron(II) in such compounds as (Cuen 2 )(Cdi 4 ) and (Cuen 2 )(Hgi 4 ) 2+ 2-which areinsoluble in water, ethanol and ether, or by (Fe(bipy) 3 )(Cdi 4 ) which provides a very sensitive spot-test for cadmium. Other examples are the well-known thiocyanato complexes containing coordinated pyridine such as M(SCN) 2 .~py (M = Cu(II), Cd, Co(II), Fe(II), Mn, Ni, Zn;~= 2 or 4). The virtues of large hydrophobic cations conjoined with large anions is illustrated by such The desirable features of coordination compounds in gravimetry are displayed by many of the great variety of metal chelates that have been introduced into analytical practice (Refs. 7, 8 & 9) . In the reactions between a cation M~+, and a chelating agent, HL (usually a weak acid) we have to consider the equilibria
Water of solvation is omitted for the equilibrium will be determined by the metal-ligand formation constants ßML sake of simplicity. The position of pH and the relevant proton-and and ßHL respectively. By a suitable n choice of pH and reagent concentration reaction (1) can be made to go effectively to completion. For a given reagent and a series of cations (of the same charge type), the position of equilibrium in equation (1) will lie further to the right the more stable the complex MLn. Providing only that the lattice energy of the precipitate, MLn(s), shows no exceptional behaviour, the pH at which precipitation reaches a predetermined value (say 99.9%) will be progressively lower as ßML increases, thus permitting n separations which may be adequate for many purposes. The metal chelate is generally of stoicheiometric composition and can often be used directly as a weighing form. Where this is not the case (e.g. with cupferron and the nitrosonaphthols and some complexes of oxine, the precipitate may have to be ignited to a definite oxide. Generally speaking, the more sparingly soluble the reagent, the less soluble the corresponding metal chelate. Since excess reagent must be used to ensure quantitative precipitation this factor can introduce problems when washing the filtered-off precipitate to remove excess reagent, and a good deal of effort has gone into modifying the structure of some important precipitants (e.g. dimethylglyoxime) with a view to increasing the solubility of the reagent without increasing that of the metal complexes (Ref. 10) .
If the metal-ligand bonds in a metal chelate are weakened by steric 1131 factors a new feature is introduced. Thus while aluminium tris-(8-hydroxyquinolinate) is readily prepared as a yellow precipitate from water, the corresponding complex with 2-methyl-8-hydroxyquinoline (I; R=CH 3 ) cannot be prepared in aqueous solution (although it does form in non-aqueous media). The basic reason is that in order to displace the equilibrium of equation (1) predominates, and aluminium hydroxide, rather than aluminium tris-(2-methyl-8-hydroxyquinolinate), precipitates first. This anomalaus behaviour is also shown by other derivatives of 8-hydroxyquinoline (I; R=H) substituted in the 2-position( by alkyl or aryl substituents) and by analogues in which steric hindrance to coordination is caused by annelation which includes the 2-position (as with 2-hydroxyacridine or 9-hydroxy-1,2,3,4-tetrahydroacridine) (Refs. 11, 12 & 13) .
This combination of circumstances is virtually unique for Al 3 + since the larger ions, Ga 3 +, In 3 + and Tl 3 +, where steric hindrance would be expected tobe less pronounced, give normal tris-complexes. It is analytically significant that the alkaline earths and divalent transition metals can all be precipitated as bis-complexes with 2-methyl-8-hydroxyquinoline (I; R=CH 3 ) thus providing a raute to the determination of Mg 2 + and Al 3 + in admixtures. Beryllium also forms an insoluble bis-chelate in spite of the fact that its cation (radius Be 2 + = 0.31 R) is smaller than that of Al 3 + (0.5 R). This is clearly the consequence of beryllium using 2~2E 3 hybridisation to form a tetrahedral complex in which there can be no steric hindrance to coordination from bulky 2-constituents since the two coordinating ligands now lie in planes at right-angles to each other. Although a 2-methyl Substituent lowers the formation constant of complexes of 8-hydroxyquinoline or its . h h . C 2 + M 2 + N . 2 + UO 2 + d Z 2 + b . . analogues w1t suc cat1ons as u , g , 1 , 2 an n , su st1tut1on in positions 5, 6 or 7 usually strengthens the metal-ligand bonds (Ref. 14).
8-Hydroxyquinoline is far from being a selective precipitant, and whereas selectivity is certainly improved by replacing the donor oxygen by sulphur, the resulting 8-mercaptoquinoline now suffers from the ease with which it can be oxidised, a disadvantage shared by a number of analytically valuable thiols (such as toluene-3,4-dithiol), by solutions of dithizone, and by a group of dialkyldithiocarbamates which are best stored as their zinc complexes until needed.
The lack of selectivity of 8-hydroxyquinoline can be turned to good advantage when the problern is one of collecting a wide spectrum of cations from a dilute solution -a problern of increasing importance in the study and control of environmental pollution. Here its use as a 'scavenger' can often be supplemented by other non-selective reagents and it lends itself especially well to pre-concentrations by liquid-liquid extraction of its metal chelates (Refs. 15 & 16) . Vanderborght and Van Grieken (Ref. 17) noted that whereas active charcoal will absorb many cations directly
capac1ty mg g or n or u 1t as a greater capac1ty or organ1c substances and argued that a hydrophobic metal chelate in which the metal is 'encapsulated' by an organic reagent should be absorbed more strongly, especially if the ligand had an aromatic structure with rr-orbitals to increase the strength of interaction with the active charcoal. They found that the capacity of active charcoal for metal oxinates was some 30 times greater than for the metals alone, and by using an excess of oxine (2.5 -25 ppm of oxine at pH ~ 8) they could collect from natural waters 90-100% of transition metals, Cd, Hg, Hf and lanthanides, 80 -90% of Cu and Pb, 30% Ag, 0 -20% Sb, less than 10% of alkaline earths with virtually no alkali metals.
In addition to acting as ~cavengers' for a whole range of cations it is possible to devise systems which are particularly efficient for some of them. If pyrolidinedithiocarbamic acid is added to cobalt(II) buffered at pH ~ 4, the precipitate of tris-(pyrolidinedithiocarbamate)cobalt(III) proves tobe a most efficient collector for Cr(VI), Cd, Ni and Pb (over 90% from initial concentrations of 0.1 mg 1-1 ), less good for Cu, Fe(II) and Fe(III), and poor for Zn, Mn and Cr(III) (Ref. 18) . The use of columns of e.g. CuS and PdS to collect Pd(II) has recently been extended to the use of chelating agents or complexes such as silver dithizonate, preferably supported on columns of plastized foam material to improve contact and increase flow rates. In the nature of things these are more specific in their behaviour, limiting their collecting properties to those cations capable of forming insoluble metal chelates and able to displace the original metals (zinc, silver, etc.) under the experimental conditions (Ref. 19) . It has been known for over 70 years that a precipitate of ammonium molybdophosphate (AMP) changes its composition if washed by a solution of potassium nitrate, and that the replacement of ammonium by potassium ions is reversible (Ref. 20) . This ion-exchange behavious was rediscovered at intervals and thoroughly studied by van Smit, by Meier and Treadwall, by Thistlethwaite, and by Healey and his co-workers (Ref. 21). Distribution coefficients are substantially !arger than for a typical cation exchange resin, Dowex-50 (see Table 1 ) and clean separations of 2 0 (~ = 3,4, and 5; X= As, Si, P; Y =Mo, W, V), stannic vanadophosphate has recently been studied for the Separations In -Ga, ). Many ferrocyanides have been examined for applications in radiochemical and other separations (Ref. 28) , and a synthetic apatite of composition Pb 7 Sr 3 (P0 4 ) 6 (0H) 2 has proved tobe an excellent ion-exchanger for F-(Ref. 29), though it may be felt that such coordination compounds should not come within the scope of this talk. Before leaving the topic of anion-exchanging materials I should mention that it must be at least 30 years ago that I examined Werner's classical wholly inorganic tris-chelate of cobalt(III), viz. tris[tetrammine-~-6+ 2-dihydroxocobalt(III)]sulphate, [Co(NH 3 ) 4 (0H) 2 J 3 Co (SO 4 ) 3 as a possible anion-exchanger. Alas, it proved tobe too soluble and showed no outstanding specific properties.
One last example of an unusual application of a solid coordination compound is the use of the highly insoluble zirconium selenite for the determination of fluoride ion. The selenite is labelled with 75 se by neutron activation and made into a chromatographic column after admixture with powdered PTFE. On treatment with a solution containing fluoride ions, the activity of the eluent (0.25M-HC1) is a measure of the added fluoride (100 -200 ~g determined with ± 5% precision) in consequence of the reaction (Ref. 30); Zr(Se0 3 ) 2 + 6HF ~ ZrF~-+ 6H+ + 2Se0~-
Most separation techniques involve some form of partition between two phases and we will consider in turn those properties of coordination compounds that are relevant to their use in gas-solid, liquid-solid, and gas-liquid chromatography along with the cognate field of liquid-liquid extraction. Up to 1970 most emphasis on the gas chromatography of metals was directed towards exploiting the volatility of particular meta! chelates. The problern here is to achieve a coordination compound that can be vaporised at as low a temperature as possible and which is thermally stable. Much work has been carried out by using 1,3-diketones and their fluorinated derivatives for the gas chromatography of tris-chelates of Al, Cr(III), Sc, Rh and the lanthanides; not too much success has attended the gas chromatography of bis-chelates with the exception of that of beryllium bis-trifluoro-acetylacetone(II) which formed the basis of a procedure for determining beryllium down to 4 x 10-4 g in 10 -100 mg samples of lunar dust and rock (Ref. 31 In all Chromatographie work we are concerned with the partition of a solute between two phases and this phenomenon is exploited in its most direct form in liquid-liquid extraction between two immiscible liquid phases. The properties of a coordination compound that favour its extraction from an aqueous into an organic phase are large size and low hydrophilicity. Any factor which will increase the former and decrease the latter will enhance the distribution coefficient. For example, unlike the bis-8-hydroxyquinolinates of the divalent transitionmetals (and all the tris-complexes), magnesium and strontium form water-insoluble complexes, M(Ox) 2 •2H 2 o, which do not extract into chloroform unless the coordinated water is replaced by excess of un-ionised oxine, as in Sr (Ox) out by the extraction of ion-pairs derived from liquid anion exchangers by a xylene solution of a commercial tertiary amine (Alamine-336; R 3 N), uranium, plutonium and neptunium can be separated in the form of (R 3 NH) 2 (uo 2 cl 4 ), (R 3 NH) 2 PuC1 6 and (R 3 NH) 2 Np0 2 Cl 2 , by adjusting the composition of the initial aqueous phase (HCl) and that of the various strip solutions (Ref. 57) . Very many metal complexes can be extracted in this way into solvents such as methylisobutylketone which can then be nebulized to provide the most advantageaus raute to their determination by atomic absorption or fluorescence spectroscopy. Same interesting observations have yet to be extended, explained, and interpreted. Thus, among complex cyanides the order of increasing extraction is --2-2-2-Au(CN)2>>Ag ( In forming bulky, extractable ion-pairs the possibilities of steric hindrance to coordination must always be born in mind. Whereas 2,2-bipyridyl (VIII;R = H), 1,10-phenanthroline (IX; R = H) and 2,2-bis(isoquinolyl) (X; R = H) will form stable complexes with all the d-block,
-. 1va ent trans1t1on meta cat1ons, = n to n , ster1c hindrance prevents the formation of tris-complexes by homologues of these ligands with methyl groups adjacent to the nitrogen atoms (VIII, IX and X; R = CH 3 ). Steric hindrance to coordination is also shown by biquinolyl (XI). Although none of these ligands will give extractable tris-complexes
(X) (XI) with iron(II), they can all give extractable bis-complexes with copper(I) which, of course, employs 4~4Q 3 hybridised orbitals. The two ligands then lie in planes at right angles to each other and there is now no steric hindrance in the formation of the tetrahedrally coordinated complex in + - such an ion-pair as Cu(biquin) 2 Cl . These circumstances lead to a most satisfying way for determining copper (as Cu(I)) in the presence of iron (as Fe(II))(Ref. 13). The low results at one time abtairred in determining traces of copper in stainless steels with this reagent has been shown to be due to the formation of an interesting coordination compound of chromium with citrate which is so constructed that it can also accommodate copper ( 
NH-c~O
(XII); EDTA (XIII); Uramildiacetic acid K <K <K >K can be explained on steric grounds if it is assumed that -BaL -SrL -CaL -MgL the ligand is sufficiently flexible when bonding through its two donor nitrogen and four donor oxygen atoms to adapt its enclosure to ions of size
own rom a to a w ereas ster1c repuls1on prevents a closer approach sufficient to give strong binding to the much smaller magnesium ion (cf. Table 5 for ionic radii). This situation has recently been thrown open for further work by the preparation of a new series of complexones based on nitrogen macrocycles,for Stetter and Frank (Ref. 62) have now reported some quite dramatic results for the complexones XIV-XVI (Table 3) With complexones XIV and XVI the stability of the calcium complex relative to the magnesium complex is far greater than for EDTA, and with (XV) there is a remarkable perference for strontium relative to calcium, reversing the trend found in all earlier work. Clearly, the aspect of compromise between the size of the enclosure permitted by steric repulsion between the component atoms of the complexone and the size of the encapsulated cation must depend strongly and even critically on the structure and flexibility of the ligand.
An early example of a coordination compound capable of enclosing a cation of preferred, favourable ionic radius is provided by the macrocyclic azodyestuff (XVII) prepared by Close and West in 1960 . This was described as a specific indicator for calcium (Ref. 63) . Up to 1967 the literature on macrocyclic ethers (as XVIII) was limited and the possibility of their being complexing agents was not realised until Petersen obtained the first ~rown ethe: (dibenzo-18-crown-6; XIX, ~ =!!! = 2) as an unexpected by-product 1nsoluble 1n methanol but readily soluble on the addition of sodium salts. The naturally occuring macrocyclic antibiotics valinomvcin and nonactin were known to exert interesting biological effects related to their ability to t:a~sport Na+ and K+ across cell membranes and were subsequently shown to exh1b1t a marked preference for the coordination of potassium (or rubidium) ions as against sodium ions. The potentialities of such compounds as models of biological systems, for selective ion electrodes for conducting analyses and reactions in organic solvents, and as specific so; (XVII) complexing agents has stimulated an enormaus amount of work (Refs. 64 -69) which has, unfortunately, seldom been directed towards purely analytical applications, but see Note a.
The size of the cavity and the nature of the donor atoms influence the nature of the cations that are trapped preferentially within such macrocycles and also the overall complex stability, although, of course, the nature of the counter ion and the influence of the solvent used must also be considered.
Dibenzo-18-crown-6 (XIX; n = m = 2 will solubilize potassium--permanganate in a solvent such as dichloromethane or benzene. The macrocycles (XX; n = 2 or 3) will solubilize NaMn0 4 -instantaneously, but not KMn0 4 , or lithium, rubidium, rubidium, caesium, ammonium or silver salts (Ref. 66 ). An enormaus number of compounds analogaus to (XVIII), (XIX) and (XX) have been synthesized and examined for their metal-complexing properties but a different
approach has been to synthesize 'host' molecules containing rigid binaphthyl units where the two naphthalene rings occupy different planes, each perpendicular to the best plane of the cyclic ether (Ref. 67) . A solution of the compound (XXI) in dry THF at -sooc will dissolve potassium metal to give a green reducing solution in which the potassium ion, K+, is encapsulated by the ring of oxygen atoms and its electron is delocalized in the aromatic system. With compound (XXII; R = morpholino), the cavity is about 2.4 -3.1 R in diameter and can give a formally neutral complex when a potassium ion becomes the 'guest'. This formally neutral species is soluble in water as well as in organic solvents and is stable to acids.
Note a: In a paper presented in Section IV of the present Conference, K. -benzo]-15-crown-5 (HA) as a new coloured reagent for potassium [74] . The orange compound is almost insoluble in water but easily soluble in organic solvents (Amax 390 nm in CHC1 3 ) and gives an extractable blood-red potassium complex (KA•HA; Amax 460 nm). The absorbance at 560 nm is linearly proportional to the concentration of potassium up to 300 ppm. A secend type of complexing agent is provided by the bicyclic macrocycles (XXIII, a -f) usually referred to as cryptates (Refs. 64 -69) . Analogaus compounds with sulphur replacing some of the oxygen atoms have also been prepared.
The stability of a complex is a compromise between the free energy of solvation and the free energy of complex formation. The selectivity of a ligand for a particular cation will depend on the way in which the free energy of complexation varies with respect to the free energy of the solvated ion. Now ~G(solvation) increases monotonically as the radius of the cation decreases along a series (Table 5 ). Much the same order would be expected for ~G(complexation) by a polydentate ligand provided it were able to adjust to all cation sizes. If, however, the cav1ty 1s
OI a-tixea-aimenSion:-~GTcomplexationr-wrTl increase as the size of the cation decreases until it reaches this limiting size of the cavity. For smaller ions, 6G(complexation) cannot increase further since the cavity cannot get smaller and maintain contact between the guest cation and the bonding sites of the host ligand. These points are illustrated in Tables  4 and 5 in which the favoured ion for a particular cryptate is underlined. All stabilities are found to be much higher in methanol than in water; for stabilities increase as the dielectric constant decreases. This also increases the selectivity by favouring (i) the most stable complexes, and (ii) larger ions relative to smaller ions. Since oxygen sites have a higher polarity but a lower polarizability than nitrogen sites, alkali cations are more strongly solvated by 0 than by N, whereas Tl+ interact more strongly with nitrogen sites. No ligand has yet 
A sandwich of two molecules of H 2 CDA provides 8 of the 10 oxygen atoms which encapsulate the potassium ion, the remaining coordination sphere being made up by an oxygen atom from each of two other molecules. It Time does not permit of any detailed analysis of the factors which affect the colour (or fluorescence) of the great range of coordination compounds employed in absorptiometry (or fluorimetry) (Ref. 52) . To take one specific example, the absorptiometric determination of iron(II) has led to the introduction of a series of reagents yielding tris-complexes of increasing linear absorption coefficients, e.g. 2,2-bipyridyl (E = 7,930 ), 1,10-phenanthroline (E = 11,100) , 4,7-diphenyl-1,10-phenanthroline (E = 22,140) , 2.4.6-(2-pyridyl)-1,3,5-triazine (E = 22,600 ) and the watersoluble 'ferrozine', 3-(2-pyridyl)-5,5-bis(4-sulphophenyl)-1,2,4-triazine (E = 27,900) . Although the cost of ferrozine is only about halfthat of 1,10-phenanthroline,the large quantities used in a continuous automatic analyser can raise an economic problem. This has recently been solved by realising that after measuring the absorption due to the tris-complex of iron(II), the sample can be subjected to mild oxidation which will generate the thermodynamically weaker tris-complex of iron(III) from which the iron can be removed by complexation with oxalate at 95°C, thus regenerating the ligand which is not attached itslef under these experimental conditions. This solution to a di.fficult problern i.n coordination chemistry demanded a careful appraisal of the thermodynamic stabilities of all possible components and a study of the kinetics of all the relevant reactions (Ref. 74).
We must conclude that stereochemical factors, reaction kinetics, conformational changes and ligand field stabilisation energies are all relevant to the uses of coordination compounds in analytical chemistry. Selectivity may be achieved by design or by a lucky chance; for there seems, at present, no way of predicting when some new coordination compound will turn up which owes i.ts potential usefulness to an unexpected and unpredictable crystal structure.
